Abstract. There are many different aspects to be analyzed when designing a railway infrastructure. The energy system, which withstands the demand for energy from operating trains, must consider many factors to create a functional infrastructure, in terms of demanded energy and cost sustainable. The methodology proposed gives a set of possible solutions to the designer or engineer. On the one hand, this method works with a multi-objective genetic algorithm (NSGA-II), with high time efficiency. The main target of this work is to obtain the best electrical configuration in terms of number and location of substations and characteristics of the overhead line system. On the other hand, best configurations must take into account things such as real railway operation, signalling system, infrastructure, costs linked with environment, maintenance, construction and connection with general electric network, losses of energy dissipated along the catenary. Hence, this methodology must combine all of these skills and integrate it with a railway configuration, modelling and simulation tool, Hamlet developed at CITEF (Research Centre on Railway Technologies by Technical University of Madrid, Spain). After using this methodology, designers will have a set of configurations in order to get the final choice of location of traction substations and type of overhead line system to achieve properly the power demand from trains in railway systems.
Introduction
Designing a system with multiple variables and conditioning factors, such as the implementation of the power supply system in a railway infrastructure, makes the task of the planner particularly difficult. Consideration has to be given to studies, both technical and budgetary, while assessing the impact it will have in environmental terms and, finally, having a future view to be aware of the difficulties, which might be posed by the selected design in operation and maintenance.
The thesis written by Johnston (1975) marks the interest in the study of optimization costs in railway infrastructures, and although in the years when this thesis was written there was still not complete mastery of electricity within railway energy sizing, the author was already considering the planning to obtain the costs of implementing the electrical design and, consequently, how to find a work or calculation tool to calibrate the cost-quality ratio of the design.
The leap in quality, occurs when methods are introduced, which leverage the studies reflecting the advantage of a railway infrastructure depending on a certain criterion. These studies are also able to obtain a methodology, which improves those designs. The following studies specify the optimization techniques used as well as the impact they have on the ability to take decisions. Obviously, the progression in the computation capacity has had a clear effect on the simulation algorithms and tools, and clearly, the inclusion and adaptation of the computation capacities have gone hand in hand with the progress made in the formal optimization techniques.
There are several studies oriented to optimize the railway electrical grid, concerning in this task investment costs and reliability of the system. Related to this (Capuder et al. 2009) , is working with an analytical study in order to improve the railway power system. To reach this purpose, the authors are using a simulator to get data and results and they basically are working in a DC system.
Working with genetic algorithm in the optimizing problem of supply system is Chuang et al. (2005) . In this work is introduced the immune algorithm in the goal of minimize the overall cost of power consumption and inverter investment in massive rapid transit. Another work with genetic algorithm is carried out in Pereira et al. (2014) , searching the best place for rectifier substations.
On the other hand, there is PRT (Personal Rapid Transit), which power supply system allocation has different scope than in case of MRT (Metro Rapid Transit). The Viet et al. (2004) , have developed an optimization process including load power balance and minimization of power loss. The technique integrated is an iterative approach. Chang et al. (1999) have in mind the importance of optimizing the location of the traction substations.
To do so, they use an algorithm of optimization by tabu search. Another of their contributions is to optimize energy consumption thanks to the firing angles necessary in current rectification, which is carried out specifically by the thyristors, which are part of the traction substations. With regard to the latter, in Chang et al. (1995) , use is made of the optimization bi-criterion, a technique belonging to genetic algorithms. The advantage of an electrical system is evaluated depending on how the firing angles of the substations are programmed, making the optimum solution the one, which achieves the best compromise between uniform distribution between trains/substations and the power collected through the use of regenerative braking. Olofsson et al. (1995) is another interesting study related to optimization railway systems, working directly with the load flow in the line of study.
In the study carried out by Pilo et al. (2000) , the main objectives of the authors, were to study the functional characteristics of an energy power system for high-speed railway systems, and thus a system of alternating current. The second objective they worked on was to optimize, or rather simplify, the electrical model by moving from a dual voltage model to models, which could be single voltage, thereby reducing the complexity of subsequent calculations (Jiménez-Octavio 2009), continuing with the route taken in the previous study, applies the same simulation model and modelling of the electrical system in such a way that, by implementing an optimization method based on genetic algorithms, more specifically multi-objective functions (Coello 2011) , and contributing in some way to the MOGA algorithm (Murata, Ishibuchi 1995) to make the selection process more in tune with his requirements, obtains satisfactory results in terms of response times and the quality of the solutions provided.
Problems involved in multi-objective algorithms have not a unique optimum. The best solution to this problem depends on a number of factors before taking a decision, and normally these factors have opposing interests; in other words, if one is good, another undermines its result. In the end, a compromise must be reached between both. This problem has been considered in the same way, so that the more invested in costs of civil works, construction and installation, normally the smaller are the power losses in the network. Similarly, increasing the quality of the installation will result in lower maintenance requirements. A multi-objective optimization algorithm would be perfectly adapted to this problem. The one chosen was the NSGA-II (Deb et al. 2002) . A particular feature offered by this algorithm is the improved computational complexity it offers compared to its predecessors, ( )
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O MN , where M is the number of objectives; N is the size of the population. Another factor in the choice of this algorithm is the simplicity in implementation wise, and thus of its application and adaptation.
To solve the decision-making process in the design of electrical systems, a sequential algorithm has been designed. For the different stages of this optimization strategy, a variety of software tools have been implemented, both for configuration, simulation, optimization and obtaining results. Tools were developed using the object-oriented language C++, and the multi-disciplinary mathematical tool MatLab Release 2013a. Given below are the keys to understanding the different phases of the complete process. The set of tools developed by CITEF (Soler et al. 2012; Mera et al. 2000) , on which is enmarked Hamlet tool, is basic for tasks such as modelling, configuration, dynamic and electrical simulation of the railway system to be analyzed. The fundamental characteristics in each step of the algorithm are the integration with the genetic algorithm NSGA-II, the simplification proposed for the analysis of railway electric scenarios and using a complex system with multiple design variables and possibilities and thus solutions as a starting point. This method leads to a choice between various parameterized solutions, the value and analysis characteristics of which would already be known, hence making the problem much more accessible.
Method for Optimization of the Design of the DC Power System
Detailed below are the keys to understanding how results are obtained, which enable an analysis of a set of designs which offer improvements on initial electric system designs. The process is divided into three parts:
Creating the Discretization of the line in zones and weighting of the costs of the elements, such as substations and types of the overhead contact lines. In the same way, the discretized zones will be classified like maintaining, installing, environmental or easy to connect to general electric grid. Finally, a weight is assigned to each zone:
-applied artificial intelligence -characteristics of the genetic algorithm applied, NSGA-II; -general algorithm -there is a detailed examination of the steps followed to obtain the best final solutions.
Discretization of the Railway Line. Weighting of Element Costs
In initial stage of designing the electrical power system, is very important to know the needs of the railway system. This involves the characteristics and linked budget of the different electric elements chosen, and the influ-ence of their installation along the route. For this reason, in this study the final goal will be optimize the set of elements in order to avoid unnecessary money and impact in zones. The quantity of traction substations, the best position to inject sufficient power for the traffic demands and where they will be located are the skills of the methodology. The core of the expert system considers discretizing the layout of the line, defining the critical zones and weighting the number of traction substations and zones.
Discretizing the map. Zones of installation of traction substations
The ability of the system depends on the action of discretizing the map belonging to the initial route of the circulations of the trains. During this initial step, the length of the line is analyzed. This length will be divided in zones, such as one traction substation will be able to be installed in each of this zone. In fact, this will be critical in the process of determining the positions of substations and if the participation of them is necessary in this zone or not.
In Fig. 1 there is an example. The route has been discretized in two zones, so this example has the possibility to install at most, two traction substations. In general, the discretization step must analyze the length of the route and depending on the initial number of traction substations planned to install, the line will be divided in n equal parts, where n is the number of substations. The length of these zones is constant. This ensures that the algorithm can evaluate all the positions of the railway layout and associate them at any time with a substation.
Zones involved in evaluation
In railway, electrical dimensioning design is mandatory take into account several impact factors, which they must be critical in terms of, evaluate budget and time in construction and maintaining the project. During the last years in CITEF, these critical factors have been linked with critical zones to study in this methodology:
-environmentally protected zones, which need to be avoided because of their high ecological value; -zones for maintenance of the railway infrastructure; determine level of accessibility to carry out maintenance work; -zones related to the evaluation of difficulty of connection between general electric grid and traction substation.
Evaluation of components and zones
Determining the cost or weight, in currency unit, of each element and zone involved in each project, is important to know if these costs are real or weighted. The methodology is capable to work with real or weighted cost but not mixed. If the designer/user of this methodology is able to collect the real cost of each element, all of them will be filled in the configuration files. However, if the option is weighting values, more flexible than the other, the process must take into account next issues:
-the relationship between the elements of cost must be provided or designed by the user; -the substations, catenaries and discretized zones must have a value; -if there is a zone of the line is not considered as zone maintenance, environmental, general network connection then it is not relevant in any case; -high values penalize their adding -it is more difficult to enter as a component in the Pareto front with the final solutions.
Applied Artificial Intelligence
The algorithm NSGA-II has been implemented in C++, using the source code initially created in C (Deb 2006 ). This code has had to be adapted to this optimization methodology, to give it more flexibility for changes in configuration parameters of the genetic algorithm. Once migration was completed, the next step was to design and develop the intrinsic characteristics of the genetic algorithm in question: Minimize objective functions:
(1) subject to constraints:
where:
, , , l x x x x X = … ∈ (decision space) or genotype.
Genotype
The genotype or individual, which corresponds to the set of variables in the problem, will be made up of n overhead line system (ohl) and m substations (ss). The number of overhead line system types, will be defined by the group of possibilities handled for the electrical design. Both variables are continuous. The m substations will be those initially planned. 
,1 ss NegValue ∈     , where: NegValue is a low negative border to calculate the removing of substations.
For the substations, the method designed is such that, if the value of each of them is negative, the electrical algorithm will not take that substation into account, removing it from its installation zone. If the value is positive, the algorithm will have to modify the position of the substation according to that value. Knowing that each substation belongs to a known installation zone, the real positive value will indicate as a relative position, between [0, 1], the new position in which the substation should be located. This means that, if the zone has a length of 10km, and the value obtained is, for example, 0.5, the substation will be positioned at kilometre 5 of that zone. The Hamlet tool will receive the new position and will modify it within its configuration. NegValue is modifiable; if it is very negative, the probabilities to remove the substation increases; if it is very close to 0, the probabilities to remove a substation decreases, and the initial configuration is taken more into account.
Of all the overhead lines genes, the one with the highest value will be chosen, including this resulting overhead contact line in each installation zone. The electrical module of the Hamlet tool will receive information about the new overhead line system and will modify this information for the individual to evaluate.
Construction costs objective function
The priority of this function is to obtain the total value of the cost involved in constructing the electrical system, which contains coding for each individual or genotype to be analyzed.
To reach this main aim, use will be made of the zonal discretization and the weighting or allocation of costs carried out in the previous steps. The allocation of costs is based on finding the intersection between the zones assigned to the installation of each traction substation and the other critical zones (environmental, connection to general electric network) before to the commissioning of the railway operation. It is also necessary to add the total cost of the elements included, the overhead line system chosen and the substations. Each genotype will configure its own scenario; hence, the location will depend of the substation to check if it will be constructed into a critical environmental zone or into a zone where the connection with the general electric grid is complicated.
CostCG k and CostCE k compute the general cost related to the installation of the traction substation inside a general electric grid and environmental zone. zie k , zii k , zge k , zgi k , zee k , zei k are the lengths belonging to the limits of the intersection between the installation of the traction substation and the respective zones, installation, general electric grid connection and environmental zones. zinst, zgen and zenv are the lengths of the installation, general electric grid and environmental zones. The costs related to the zones are represented by
Finally:
CostCG CostCE CostSs CostOhl
where: nsubst is total number of substations; CostSs k is cost of traction substation k; CostOhl is cost of catenary.
Objective function of power losses on the line
and maintenance costs ( ) 2 f x In contrast to the above, this function attempts to evaluate the favourability of the design proposed by the individual or genotype, in relation to operating and maintenance costs.
The costs of maintenance zones, which have been established during the discretization and weighting steps, will be defined by the maintenance tasks, which must be carried out during the useful life of the railway infrastructure and which, in case of this method, will affect the overhead line system and electrical traction substations. It is based on the intersection between the zones of implementation of the substations and the zones established for the study of maintenance costs:
where: CostCM v is the total cost related to maintenance; the intersection between traction substation installation length and maintenance zone is determined by zme v and zmi v ; zmaint is the length of the maintenance zone; r v is cost related to maintenance zone. Another aspect, which must be minimized, is the power losses on the line. The calculation of power losses provides a measurement of quality of the chosen design.
To find the losses, data will be collected referring to the electrical demand of the trains in the cycles of maximum demand for electrical power; it will also be necessary to obtain the power values injected by the traction substations in those cycles: 
where: nsubst is number of traction substations in the energy system; trains is total trains circulating; Pet u is electrical power demanded by train u in each cycle of time (the power factor assigned to the train, is applied in the calculus [VA]); Ssubst r is power from substation r [VA] . Finally:
where: a is cost divided by VA (conversion factor).
Constraints
The restrictions, which have been implemented in the algorithm attempt to penalize heavily any situations, which cause the system to be non-viable.
The first restriction evaluates the convergence criterion, which will be explained in Section 2. It establishes that, if the calculation of the electrical scenario at the moment of maximum power demand, with the configuration proposed by the current genotype, does not fulfil this criterion, and consequently the substations cannot provide the necessary power to the trains, the restriction is not met. On the other hand, conv is an indicator that the scenario considered by the genotype would meet the requirements of the cycle with the greatest power demand. This function is a numerical method based in solving the general matrix, involving the power demanded by trains, the general impedance matrix and the searched voltages. In Section 2 is resumed, but the application in this methodology is carried out just by knowing if the system is electrically and energetically compatible with the operation and the dimensioning.
where: x is an electrical scenario in a cycle (represented by genotype). Next constraint is thought bearing in mind if the deviation of the costs of working with the dimensioning proposed is or not out of the ranges of the limits imposed by the engineers or the budgets studies. Hence there is a sum of the costs of the most relevant components and next step was deducted the budget limit and analyze if the difference is inside the tolerance values:
Using last equation in the next constraint evaluation:
where: ValConf is an estimation by the engineer about the budget for the electrical scenario.
Once the optimization process is finished, the designer will have a Pareto Front. This Front contains the final best genotypes obtained by the process. Each of them are non-dominated by the others, that means the user must choose the selected electrical dimensioning design, represented by one genotype, bearing in mind the relationship values costs in both fitness functions, or evaluating better for the final purposes and objectives of the project, the best genotype in terms of any of both fitness values, independently of the value of the other. Finally the user will have its own decision-making step.
Characteristics of the General Algorithm
In all optimization of complex systems issues, such as the one being addressed, it is very important to reach a compromise between the variables to be studied and evaluation functions together with the results obtained and, finally, the time taken to obtain them.
In the problem of optimization of the electrical design of railway infrastructures, the time impact of simulating full operation plans at the time of peak traffic, which makes it possible to analyze whether or not the electrical design is suitable, means that thought has to be given to limiting the complexity of the simulations. Fig. 2 shows the steps to follow in the designed optimization strategy, dividing steps belonging to Hamlet tool and steps specific to optimization method.
Hamlet tool steps
The main task of Hamlet tool in this strategy is to provide the data related to the electric power demanded by the trains during the operation, using real data about rolling stock, signalling, line data and electrics.
The first step corresponds to the modelling and configuration of the different modules (geometry, rolling stock, signalling and the initial electrical system) contained in the Hamlet tool. The initial electrical system can either be an oversized one, with more substations than necessary so that the algorithm can eliminate them, or it can use the requirements regarding railways installations considered in UNE-EN 50388:2006 CORR:2010 to design a more realistic first electrical scenario.
In the following step, it is worth highlighting the need to study the possibilities of traffic on the line. Because the purpose of the study is to achieve a selection of the overhead line systems and substations, and subsequently distribute them along the line to allow an power supply for the demand required by the trains at all times, the study must include an analysis of the situation with great stress for the line and, consequently, for the electrical framework. Consequently, the operational plans to be configured with the Hamlet tool must be those which, taking into account the capacities of the line, propose greater traffic and a shorter interval between trains. The calculations and data for this stage must come from the study of passenger movement envisaged at rush-hour, the capacity of the rolling stock to handle the number of passengers, the signalling system, and add a percentage for analysis of traffic overload. At next step, Hamlet is ready to launch simulation and get the results. It is considered a premise that, one of the critical aspects of study in the sizing of electrical railways is defined by the power demanded by the trains as they travel along the line. This electrical power calculated during simulation, would consist of:
-if braking:
where If the demand is positive, the train is applying traction, and if it is negative, the train is braking; in this case the electrical module is ready to work on regenerative energy, and apply it to the calculation of the requirement of the train.
Optimization method steps
Once everything is configured, and Hamlet tool has collected each electric power demanded by trains, the next step is to achieve simplification of the problem so that the optimization problem is viable.
The intention is to find the moment of the simulation when the sum of all the F m is maximum, which indicates the moment of greatest demand for the substations. This is the cycle, which needs to be found. Consequently, at this stage of the algorithm, with the figures for the power required by the trains for each cycle, the electrical scenario is put into action to check the energy stability of the system and then, with |S| (power) of each substation, all the values obtained from each substation are added together; this gives the estimated value for maximum power load on the line at that moment in time. When the simulation time is over, the figures for the moment with the greatest power demand will be stored and, consequently, if there is a study of the behaviour of different configurations of the electrical sizing with the conditions posed by this maximum peak, it is considered that the algorithm will provide solutions, which tolerate these load peaks.
The next step is to create the zonal discretization according to the planned initial electrical scenario. Then, the different variables belonging to the NSGA-II algorithm will be configured, such as the total of individuals, total of generations, parameters for selection, crossover and mutation. As explained in Section 1.2, the constraint h(x) requires us to know whether the electrical scenario is feasible or not. To do this, the figures for the cycle of maximum power demand are used: with these figures, the calculation of the electrical scenario is launched, just for that moment in time and with each genotype considered. The final result will say whether it is convergent or not, and whether the restriction is applied or not. One of the novel features of this work is precisely that. The simplification carried out allows a complex system to be optimized, examining a single moment in time, and thus ensuring that the duration of the algorithm is viable.
Finally, the multi-objective algorithm stores the results in files, from which the dominant Pareto Fronts are obtained. The last generation obtained will be the one, which offers the best results and can be used to analyze the railway infrastructure scenario; it is known that each of these will be convergent, from the previous process, thereby allowing a study of the results using other electrical parameters, such as minimum voltages in the overhead line, maximum currents or average quadratic currents in the substations. Those data can be collected using Hamlet and its electrical module. On each integration step time, will be stored electrical data along the simulation.
The final decision on the best distribution of substations and overhead line system selection will be taken by the engineer responsible for analyzing the data, as different solutions may be chosen depending on the response quality of the fitness functions provided by the algorithm.
Modelling Configuration and Simulation. Hamlet Tools
One of the objectives to be achieved by means of this tool is successful integration of analysis and optimization for various railway disciplines. Naturally, when one fully embarks on engineering projects as complex as railways systems are, the first factor to be taken into consideration is the need to combine and link up within one single tool the greatest possible volume of constituent sub-systems, in this case the analysis of railway lines. Based on this approach, the different modules integrated within Hamlet will be listed, along with the basic capacities and characteristics of each one.
As is described in Fig. 3 , Hamlet has four main and interconnected parts.
Infrastructure
Any simulator must have a main layer where the rest of the elements will be positioned. This is the main function of this module. Therefore, this is the supporting structure. In fact, there are a lot of possible configuration lines, so this infrastructure must to be ready to model every type of line and Hamlet has been useful for several configurations.
The basic configuration for the infrastructure would comprise sections and nodes. Each node would represent the location of points for track crossovers. It is important to point out that every signalling element is able to be installed using this planned infrastructure, elements such as signals, track circuits, balises, etc.
Train
For simulation of the rolling stock, Davis (1926) has been studied and employed, giving as the final function the balance between traction and resistive forces. Bearing in mind the motion function to be employed, which is general for any type of train, the other aspect, which must be generalized involves the configuration data, which must be common to any type of rolling stock, and thus allow for the simulation of a range of trains: metro, freight, local or high-speed.
Electrics
The electrical algorithm and model is devised in order to be able to simulate with direct current configuration, specifically for local/metro. The module is thus equipped to divide the line into the electrical sections into which the actual line is divided, and naturally, the electrical algorithm has integrated functions, which can include elements such as neutral zones, traction substations, overhead contact lines, etc.
A node-based analysis is performed in order to resolve the electrical system, with the different electrical elements making up the power supply system (substations, self-transformers, trains, static loads, etc.) being modelled by means of admittance matrices. The aim is to create a global admittance matrix grouping together the entire system, and taking into consideration all branches. The actual voltages and currents in the system are then calculated using an iterative process. The currents running along the resistive elements are defined by means of the power and the power factor being demanded. The process begins with the presumed voltages at all nodes making up the network, with these voltages, powers and power factors used to calculate the current source values:
-convergence: once the currents are known, the system is solved in order to obtain the new voltage values at the nodes, and these are compared with the previous values; if the difference between the two values is greater than a defined tolerance, the calculation is repeated, employing the voltages obtained in the previous calculation as the presumed values; -not convergence: despite updating the voltages during the algorithm, not valid solution is found; that means the required power cannot be supplied with the designed system, and this scenario must not be included.
Signalling
Like the case of infrastructures, there are nowadays many signalling systems. Working with railway studies and simulations, Hamlet must be ready to model any of these types of signalling. Naturally, the tool is growing up, and the most important is that any new signalling system to develop in Hamlet, this tool is able to integrate it, because the main elements and the connection with the other modules do it an easy matter.
Results
The final effect of the tests, which have been carried out using this optimization strategy, is primarily to validate and check the methodology functions correctly. Consequently, the tests will be carried out with data obtained from a real project studied previously in CITEF. This project was chosen because the railway infrastructure adapts perfectly to the requirements specified with this optimization strategy, and on the other hand has interesting features for the study, such as for example a very pronounced height difference, which will increase traction efforts, and high regenerability effects in this area; this means that the variations in positioning and quantity of substations may be critical for the operation, which will be analyzed. The railway line is a metropolitan line 15 km long, with 13 stop stations.
To explain the tests, the path marked by the general algorithm is followed.
Scenario configuration. Principal features
-Geometry and elevated view: double track along the whole route and 13 stations. Speed restrictions have also been taken into account. Fig. 4 shows the profile, which must be transferred to the configuration, and also shows rapidly the height difference, which exists along the route. -Rolling stock: a train formed of 6 cars, maximum speed 80 km/h, maximum service acceleration 1 m/s 2 , maximum service deceleration 0.9 m/s 2 . These would be the most important data to be detailed, although the rolling stock is configured with all the data relating to modelling, which was introduced in Section 2. -Signalling: The planned signalling system for this line was CBTC (IEEE Std 1474 .1-2004 . In the corresponding Hamlet module, the basic characteristics of this system were implemented: -moving blocks; For the initial scenario, 7 electrical traction substations are installed to begin with, as specified in the real project. In our design, that means a genotype of seven bits (continuous) representing the traction substations and two bits (continuous) representing the catenaries. Initial configuration is shown in Table 2 . The next step, according to the algorithm, is to define the operating plan, which can be considered critical for the stress analysis of the electrical sizing. According to the real project conditions, the following characteristics are established -trains with a 90 headway. Stopping times in stations are 15-20 seconds, depending on the station stop, which results in a fleet of 80 trains Finally, the main characteristics of the machine used for this optimization process are I5-2400 3.1 GHz 4GB RAM.
Zonal Discretization and Weighting of Costs
In the experiments carried out to validate the method, it is not necessary to obtain real data of costs and zonal distribution. What has been sought is to give the experiment sufficiently broad diversity so that test mechanisms can be established on the point being dealt with, and so that the genetic algorithm has sufficient working evaluation characteristics. The following zonal diversity and allocation of costs has been established in Tables 3-4 . This discretization and weighting has been designed without real data and the goal is taking into account one possible configuration, on which the set of types of zones have representation.
Once the configuration stage is completed, the mechanical and electrical simulation is started. When initial simulation data is collected and final optimization results are collected, is able to compare both results and get conclusions about the optimization design proposed by the algorithm.
The graphs of minimum voltages in the catenary are a very useful indicator for reaching conclusions about the railway operation: there can be quick analysis of the areas of greatest demand, which can be located on the railway line. It is also possible to see whether any area is critical in terms of energy demand.
The graph of minimum voltages for the original scenario, Fig. 5 shows major rises and falls in voltage around the area of greatest height difference, but it may also be concluded that around some substations the voltage provided is not very high, making it very probable that the scenario is oversized, as will be seen in the optimized solutions. It may be seen, that the voltages never reach the rated voltage (1500 V). This is due to the fact that we are working with real models, taking Weight 300 400 100 100 100 400 100 100 400 
Analysis of Results of the Optimization
As proposed in the optimization strategy developed, the data provided by the simulation of the complete scenario with the initial configuration and the analyzes of the results, the objective is to find the cycle of maximum power demand, so that it can be used in the calculations of convergence, which will be needed by the different individuals generated by the algorithm NSGA-II.
The most significant values applied to the genetic algorithm for the optimizations, which will be described below, are those appearing in Table 5 . These final values fulfil the skills demanded by this optimization method. Last generation has enough individuals to check the goodness of each configuration defined by them. Finally the results were obtained with a population of 10/20 individuals. Both results were checked and analyzed.
Once the genetic algorithm has been executed, a population is obtained in the last generation with dominant values for the two objective functions considered. Presented below are the electric results deriving from configuring the scenario using latest generation results, and selecting those individuals, which provide the minimum for each of the functions. Fig. 6 shows the data for minimum voltages in the pantograph, for the scenario proposed by the latest generation genotype, which had the best fitness for the objective function belonging to the construction costs (1594). The solution comprises the OHL 2 , and the substations 1, 2, 4 and 7, and the remainder are removed. The decisions taken to choose one or another solution depend at all times on the human factor. For example, in this case, although it can be seen from Table 6 that the viability analyzes, studied in this case because of the short and long duration overloads, are within acceptable parameters according to European regulations UNE-EN 50329:2004/A1:2011, other considerations need to be taken into account, such as studies of the system in degraded situations such as, for example, a fault in a substation set, or directly in the whole substation. Furthermore, another factor, which must be included, and which stands out in Fig. 6 , this is the cost value of operation (losses + maintenance). This value is considerably higher than the average, and consequently it is possible that, depending on factors such as useful life of elements, infrastructure, or simply because of budget constraint, this solution may be unviable. Finally, the conductors of the overhead line system chosen, have a larger cable section and lower resistivity, and are also more costly than the alternative.
Genotype with best fitness value for objective function relative to operational/construction costs

Genotype with best fitness value for objective function relative to exploitation costs
This solution, logically, is less stressful for the electrical system, as can be examined in Fig. 7 , than the previous Fig. 6 . From the analytical point of view, where in the original scenario we had substations 5 and 6, for a better solution for the losses plus maintenance function, these substations are not necessary; however, unlike the previous test example, substation 3 is included, and is also new, installing the overhead line system OHL 2 . Obviously, an immediate consequence is that the losses will be much smaller. A pattern related to the previous test is that the best option for values obtained by this function, involves high construction costs, as can be seen in the Fig. 8 . For a complete viability study, as has been suggested previously, there should be a study of the possible degraded situations: as can be observed in Table 6 , the values for overloads, minimum voltages and maximum currents in the contact wire are within the permitted margins.
Comparison
The analysis of the short and long duration overload was carried out by calculating I n (rated current) in the substations, using Hamlet simulator. For this project and the level of traffic studied, 2×3500 kV transformer sets were planned for each substation, making the rated power (S n ) 7000 kVA. Given that the rated voltage (V n ), is known, 1500 V in the case of this operation, we obtain the following: 7000 4666.66 A 1500
It can be seen, that the minimum voltage and maximum current values in the contact wire are a little lower and higher, respectively, although they are clearly within the permitted margins described in the normative. As far as the RMSs (Root Median Square) are concerned, the increase is also considerable, due to the substations, which are not implemented in the original locations.
In Fig. 8a shows how the algorithm works with a relative low population. The final generation gives a front practically without discarded individuals, and there are a great set with similar exploitation cost fitness. Nevertheless in Fig. 8b , using 20 individuals in the configuration, the final sample is more heterogeneous. Clearly show different levels of fronts and the Pareto front has more values to analyze in order to reach the best scenario represented for each one.
Finally, a brief about the computational times is shown in Table 7 .
The optimization process in this test takes between one and two hours, with a population between 10/20 individuals, respectively. It is important to point out that the length of the whole optimization is determined by the high computational time due to the electrical solver.
Conclusions
The decisions taken for the design of an energy system for railway infrastructures involve the application of a variety of modelling, calculation and simulation tools, to finally obtain data allowing us to evaluate the alternatives. The scenarios presented in this article show, that for a direct current railway line, with a selection range of 2 overhead line systems types and an initial design of 7 substations, the algorithm repositions them according to the costs and power losses on the line and chooses the best overhead line system to distribute the current to the trains operating on the line. In a railway infrastructure it is important to know and manage the environmentally protected areas, areas with a difficult connection to the electric general network and critical areas for maintenance works. Zonal discretization provides an effective method of solving this problem. The flexibility of associating costs to the model is another functionality, which brings the best solution closer to the person who finally has to decide on the best possible design. Furthermore, the operation can be analyzed from practically all the important aspects of a railway structure, thanks to the modelling of infrastructure, trains, electricity and also the signalling system.
Taking into account the method of searching the maximum power demanded peak during the planned operation that has reached a very important improvement. Because the methodology keeps the power of the electric calculation algorithms, which are able to analyze the convergence of the proposed energy system and this method is aware about the computational time. Instead of analyzing the whole integrations steps belonging to the operation, the method just analyze one. Bearing in mind an operation of 2 hours and a step of integration of 0.5 s, that would result 0.5·7200 = 3600 electric convergence calculations. Using this strategy, one analysis is done to get an approximation of the validity of the electric system designed. Thinking in terms of time, with the example related above, there would have been necessary between 250-500 design analyzes. This strategy transforms this kind of studies in an optimization acceptable problem. This area of research presents different directions for future work, which can be classified into four main ones. One is to extend the range of work to various types of energy sizing, such as high-speed lines with alternating current, which will include autotransformers, neutral zones, etc. Related to this point, the evaluation of the costs by the objective functions can include time use variables, as well as stochastic parameters. An integrated analysis of degraded electrical situations, combined this in convergence criterion and constraints, is an important point to develop.
